The temporal properties of the electroretinogram (ERG) recorded from cat eyes were analyzed in the presence of either Cs + or zatebradine which are known to inhibit the hyperpolarization activated current (I h ) in retinal rods. Both Cs + and zatebradine reduce the ERG response to high-frequency sinusoidal stimuli of high mean luminance and contrast. Conversely, blockade of I h has no effect on the frequency response characteristics of the isolated receptor component (PIII). These observations support the idea that I h plays an important role in the transfer of signals from photoreceptors to second order neurons by suppressing the slow components originated in the phototransductive cascade. The result of this operation is an enhancement of the light response in a range of temporal frequencies relevant to vision.
Introduction
The voltage response of retinal rods to bright flashes of light has a complex waveform consisting of a prominent initial hyperpolarization quickly sagging to a less hyperpolarized plateau. The depolarizing component of the initial transient can be removed by exposing the visual cell to cesium (Cs + ) (Fain, Quandt, Bastian & Gerschenfeld, 1978) . In amphibian rods the Cs-sensitive wave has been shown to be generated by an inward rectifying current activated by membrane hyperpolarization (Bader, Bertrand & Schwartz, 1982) . Currents with similar gating properties and ionic selectivities (commonly referred to as I f or I h ) have now been found in a variety of tissues including sino-atrial cardiac cells (DiFrancesco, 1985) mammalian rods , amphibian cones (Barnes & Hille, 1989) , bipolar cells (Kaneko, Pinto & Tachibana, 1989; Karschin & Wassle, 1990 ) and central neurons (Pape & McCormick, 1989) . While I f has been shown to control the pace-maker activity at the sino-atrial node (DiFrancesco, 1991) , the functional significance of the corresponding current in retinal rods (I h ) is not entirely clear. Conditions that block I h and modify the time course of the photoresponse of retinal receptors may in principle affect the response of other retinal neurons causing a variety of abnormal visual effects. There is no evidence, however, on how the waveform of the receptor response influences visual performance.
In the present study we approach the question of the functional role of the Cs-sensitive component of the rod photoresponse by analysing the properties of the electroretinogram (ERG) mass current recorded in cat eyes treated with either Cs + or zatebradine, a specific organic inhibitor of I f (DiFrancesco, 1994) . Although neither I h nor the associated photoreceptor voltage waveform appear as separate components in the ERG recordings, they may nonetheless be evaluated by examining the effect of I h inhibitors on the properties of the b-wave. We shall show that both Cs + and zatebradine modify the frequency response characteristics of the ERG, but leave those of the component PIII unchanged. These observations support the idea that the I h -dependent waveform of the rod voltage response conveys functionally relevant signals from photorecep-tors to the second order neurons. Some of these results have been presented in an abstract form (Cervetto, Gargini, Demontis & Bisti, 1995) .
Methods
Animal preparation, light stimulation, recording techniques and data analyses were essentially identical to those used in the preceding paper (Gargini, Demontis, Cervetto & Bisti, 1999) . The data reported in this study were obtained from experiments conducted on 29 animals.
Specific response components of the ERG were isolated as described in the preceding paper (Gargini et al., 1999) . Cs + and an organic inhibitor UL-FS 49 (zatebradine), provided by Karl-Thomae GmbH, were used to block the hyperpolarization activated current of rods. CsCl was injected intraocularly in the posterior chamber (20 ml of a 0.5 M solution which assuming a volume of 2.3 ml corresponds to a local concentration of 4.3 mM). Zatebradine was dissolved in saline solution (1 mg ml
) and slowly injected intravenously (i.v.) in various amount starting from 0.5 mg kg − 1 . In two control experiments zatebradine was injected into the vitreal chamber (25 ml of a 0.2 mM solution; estimated vitreal concentration approximately 2 mM).
The bradicardic action of the drug (Goethals, Raes & Van Bogaert, 1993) was monitored throughout the experiment by determining the heart rate from electrocardiogram recordings (EKG) derived with electrodes placed on the animal front limbs. Measurements of the heart rate also served to assess the drug dose for maximal effect. In order to avoid the complications due to the activity-dependent effectiveness of zatebradine (see Section 3), supersaturating doses were always used in experiments designed to assess the effect of the inhibitor on the frequency response characteristics of ERG.
Results
Averaged ERG responses to a 250 ms flash of light in control and after a single i.v. injection of zatebradine are shown in Fig. 1 . Superimposed records are responses in control (thick trace) and 30 min after zatebradine (thin trace). It was observed that in the presence of the drug the b-wave was slightly reduced in amplitude and both onset and peak were delayed and the late dc component was enhanced. The dotted trace derived by subtracting the post-zatebradine records from control records shows the contribution of the I h currents in the retina. Results similar to those shown in Fig. 1 were also observed after intraocular injections of zatebradine or Cs + .
The effects of zatebradine injections on the ERG response slowly reverted to normal within several hours. The general effectiveness of the drug was checked by measuring its bradicardic action. In the experiment of Fig. 1 the heart rate dropped from a control value of 200 beats per minute to 109 shortly after the drug injection. Within a variable interval of time, which ranged from 15 to 30 min in different animals, the heart rate reduction was followed by changes in the ERG response. In general the visual response was back to normal several hours (3-5 h) after the drug injection, whereas the effect on the heart rate persisted much longer (up to 12 h or more). The difference in the onset and duration of the drug effect, together with results obtained after intraocular injections, points to a direct action on the retina rather than to a consequence of the heart rate change.
Inspection of the response derived by subtracting the records in zatebradine from control records (dotted trace in Fig. 1 ) suggests that I h contributes to the b-wave with response components in the high frequency range. This point was better investigated by testing Cs + and zatebradine on the steady-state ERG response to stimuli whose mean luminance was sinusoidally modulated in time. ing that the phase shift is caused by a constant delay (see Regan, 1989) , the slope of the regression line drawn through the experimental points gives the apparent delay of the response which in the example of Fig.  2C increases from a control value of 46 to 56 ms in the presence of the drug.
The effects of zatebradine on responses to sinusoidally modulated luminances showed a clear dose dependence. This is illustrated in Fig. 3 show a reduced potency of the drug. The differences in the dose-response characteristics at the various frequencies may be related to the activity-dependent properties of zatebradine inhibition (Van Bogaert, Goethals & Simoens, 1990 ) which is usually explained by different affinities of various conformational states of voltage gated channels for a drug. The dose response curve for the heart rate ( Fig. 3C ) obtained from the experiment in A and B shows a remarkable similarity to that of the visual response at 15 Hz. In both cases experimental measures are fitted by sigmoidal functions constructed using similar parameters (see figure legend) .
The effectiveness of zatebradine on both visual response and heart rate also varied between animals, perhaps reflecting different degrees of I h activation or/ and differences in the drug permeability of the bloodbrain barrier. Negligible effects of high dose inhibitor were observed in one animal out of 29 which were tested. In two animals zatebradine was injected intraocularly and the effect on both step and sinusoidal changes in luminance were similar to those observed after intravenous injections.
The dependence of the drug effectiveness on the stimulus frequency may complicate the interpretation of the steady state frequency response curves obtained in the presence of zatebradine. This difficulty, however can be minimized by using super saturating doses of the inhibitor.
Intraocular injections of Cs + modified the frequency response curves in a similar way to zatebradine. An example taken from four experiments is illustrated in Fig. 4 where amplitude (A) and phase (B) of the fundamental are plotted as a function of the temporal frequency of the stimulus.
The amplitude of the first harmonic response as a function of the temporal frequency of the light stimulus is plotted in Fig. 2 A in control conditions (open circles), 15 min after injection of 2.5 mg kg − 1 zatebradine (filled circles) and after recovery (triangles). The mean luminance of the sinusoidally modulated stimulus was 18 c deg − 1 m − 2 and the modulation depth 84.5%. In these conditions the main effect of the drug was to increase the amplitude of the first harmonic response to low-frequency stimuli and to decrease the response amplitude to stimuli in the frequency range of 2 -15 Hz. The effects on the response amplitude were paralleled by the effect on the response phase. The phase shift of the fundamental, expressed in P radians, is plotted as a function of the temporal frequency on a log scale in Fig. 2B and on a linear scale in C. Assum- The effect of I h inhibitors was also investigated on the response to stimuli whose mean luminance was modulated at different depths. The amplitude of the first harmonic response is plotted in Fig. 5 as a (triangles). In all cases the response amplitude increased linearly with the stimulus contrast. In the presence of the drug (filled symbols), the slope of the function is reduced for responses to high luminance stimuli, but unaffected for responses to low luminance. This is consistent with the notion that I h full activation requires large membrane hyperpolarizations. The drug action on the frequency response characteristics of the ERG was found to be influenced also by the mean luminance of the stimulus as shown by the experiment illustrated in Fig. 6 . The attenuation characteristics of the fundamental, obtained with stimuli of high mean luminance, in control (open symbols) and after zatebradine block (filled symbols) are shown in A. Dim luminance responses are reported in C. The drug was seen to cause response attenuation in the range of stimulus frequencies between 2 and 15 Hz only when high luminance stimuli were used. The corresponding phase of responses in A and C are plotted in B and D as a linear function of the temporal frequency. The apparent delay given by the slope of the curve is seen to depend on both mean luminance and presence of the drug. Interestingly, the drug also increased the phase lag of dim luminance responses, even though their amplitudes were unaffected by the drug. This effect may be due to the inhibition of voltage gated K + currents which have been shown to cause an acceleration of the rod response to dim flashes (Beech & Barnes, 1989) .
In order to investigate which of the various ERG components are affected by the I h inhibitor, zatebradine or Cs + were also applied in combination with glutamate receptor agonists (see Gargini et al., 1999) (five experiments in zatebradine; three in cesium). The frequency response functions of the APB isolated PIII component of ERG before (open circles) and after injection of zatebradine (filled circles) are shown in Fig.  7 . Application of the I h inhibitor in these conditions had no visible effect, consistently with the notion that the initial component of PIII reflects the kinetics of the phototransductive cascade. In principle, the increase in the rod membrane potential during responses to bright flashes as a result of I h inhibition should enhance the photocurrent. The lack of this effect reflects, perhaps, the rectification properties of the cGMP-dependent conductance occurring at large membrane hyperpolarizations (Bader, Bertrand & Schwartz, 1982; Baylor & Nunn, 1986) .
The assumption that PII and PIII in the ERG response are parallel processes, and therefore the fre- response bandwidth. Considering that blockade of I h in the present conditions is not complete, the contribution of I h in accelerating the response kinetics is underestimated here.
Discussion
The results described in the present paper show that two pharmacological manipulations known to suppress the hyperpolarization activated current in retinal photoreceptors modify the post-synaptic components of the cat ERG leaving the PIII unmodified. Cs + in millimolar amounts is known to modify the waveform of the voltage response of rods to bright flashes, making the photovoltage similar to the photocurrent (Fain et al., 1978) . On the other hand Cs + has no effect on the light sensitive current of rods. Both Cs + and zatebradine when applied on isolated guinea pig rods have been quency response curves of PII can be obtained by vectorial subtraction, does not apply to the contribution of I h which, in fact, is generated by a process in series between PIII and PII. The contribution of the I h to the frequency response of ERG, however, can be evaluated by comparing the ratio of the attenuation characteristics (gain) and the difference in phase of the isolated PII and PIII as a function of the log frequency in control and after zatebradine. The results of this analysis are illustrated for a single experiment in Fig. 8 where gain (A) and phase difference (B) are plotted in the absence (open circles) and in the presence of zatebradine (filled circles). The gain function rises sharply at around 2 Hz and reaches a peak at 10 Hz. The frequency dependent decrease in phase lag reflects the acceleration of the response kinetics. Although the PIII is likely to be contaminated by components not originated in photoreceptors (slow PIII) it must be pointed out, however, that these components are slow and their contribution to the response in the range of frequencies considered here is negligible. These results suggest that the main effect of I h blockade is to cause a 30% reduction of the gain in the high frequency range of the . In both cases m = 84.5%. In this experiment the angle subtending the visual stimulus was 6 × 6°instead of 34× 27°used in all other cases.
shown to inhibit I h and to suppress the depolarizing sag of the voltage response in rods of mammals . The light stimuli used in the present study were sufficiently bright to fully activate I h in both rods and cones. Voltage gated currents with properties similar to I h have also been recorded from bipolar neurons (Kaneko et al., 1989; Karschin & Wassle, 1990) . The effects of Cs + and zatebradine described in the present paper may also be due to changes in cones and bipolar neuron responses; there are arguments, however, to suggest that within the normal range of membrane polarization, the voltage activated currents of bipolar neurons play little role in shaping the voltage response to light (Tessier-Lavigne, Attwell, Mobbs & Wilson, 1988) . In the rod-dominated retina of cats, where the mass current generated by depolarizing bipolars is the main source of the post-synaptic component of the ERG (Robson & Frishman, 1995) any change induced by I h blockade is likely to reflect mostly rod events. All considered, however, there is no conclusive evidence to rule out that a direct action by the I h inhibitors on cones and bipolar neurons also contributes to the ERG changes.
Both Cs + and zatebradine slow-down and reduce the amplitude of the b-wave in response to a stepped change in luminance. The effects of the I h inhibitors, however, are better appreciated on responses to luminance stimuli sinusoidally modulated in time. Inhibition of I h is associated with a marked reduction of the first harmonic component of responses to stimuli of temporal frequency between 2 and 15 Hz. The frequency dependent effects of the I h inhibitors are consistent with the idea that activation of the Cs-sensitive current is associated with a process of temporal differentiation of the rod photoresponse. A similar transformation occurring at the input of an amplifying stage appears espe-cially suitable in sifting relevant visual information from large, slow components originating in the phototransductive cascade (see Baylor & Fettiplace, 1977) . The functional value borne out by these operations is an improvement of the temporal fidelity of the visual response.
The present results may appear difficult to reconcile with observations made in the retina of salamander where the rectifying properties of the rod output synapse have been shown to prevent signals above 5 mV to be effectively transmitted to second order neurons (Attwell, Borges, Wu & Wilson, 1987) . The extent of the voltage range over which synaptic transmission occurs, is, however, determined by the voltage range of activation of calcium channels which is presumably subjected to large variations in different animals species. Moreover, it is important to note that I h activation also accelerates the decay of the response to the resting level in a range of membrane voltages compatible with an efficient modulation of the calcium channels at the synaptic ending. If one assumes that the rectifying properties of the rod output synapse in the cat are similar to those of the salamander, the interesting conclusion would be that the functionally relevant effect of I h activation in rods is the acceleration of the decay of the voltage response rather than the prominent initial transient.
